The use of artificial organs completely implanted in the patient's body requires a transcutaneous energy transmitter (TET) design that provides more comfort and reliability to the patient, i.e., a TET as small as possible with the least increase of temperature and that meets several project requirements. The multiobjective genetic algorithm optimization method is used here to minimize volume and dissipated power per coil area of round spiral TETs. It ensures the transmission of 13 W of power and load voltage within limits defined by electronic circuits at coil gaps of up to 25 mm. A variable resistance that absorbs a defined active power is used instead of a fixed resistor load to best represent the artificial organ with regulator. Modeling issues, such as the influence of the misalignment between the coils on the coupling of the TET, are also discussed.
I. INTRODUCTION

W
ITH the evolution of medicine, more and more artificial organs (AOs) are completely implanted in the patients, requiring electrical power inside the body. This fact intensifies the need of optimized transcutaneous energy transmitters (TETs), which are devices for transferring energy from outside the body to inside the body without wires trespassing the skin. In the 1960s, an inductively coupled radio frequency system for artificial hearts was proposed [1] . From then on, several researches have studied this technology involving the use of magnetic cores [2] , serial resonant capacitors (SRCs) [3] , and optimization [4] . This technology typically uses an inductive link between a primary coil external to the body and a secondary coil below the skin, similar to a coreless transformer providing power to the AOs.
In practical applications, the space available in the body is limited, and the alignment between the coils without additional positioning aids is very hard to achieve. Thus, the design of the system should instigate the least discomfort to the patient without losing reliability in unsteady situations.
Researchers usually focus their design on increasing the efficiency of low-power TETs while modeling the AO as a fixed resistance value [4] , [5] . However, an AO is a device that consumes nominal power and is connected to a regulator (between the secondary coil and the AO) to ensure that its voltage remains within the required voltage. Thus, the regulator with the AO could be modeled as a variable resistance. Moreover, the electronic circuits have limitations that should be considered during the TET design.
In this paper, the genetic algorithm optimization method [6] is used with a Finite Element (FE) software to define the smallest TET coils possible with the least dissipated power per coil area as shown in Fig. 1 . This procedure was performed to guarantee that the power needed by the AO will be supplied without surpassing the electronic circuit restrictions for any coil gap up to 25 mm. 
II. DEFINITION OF THE PROBLEM
A. Coupling Factor
Since part of the TET is placed in the body of the patient, it is subjected to different coupling situations such as different coil gaps and/or misalignments (see Fig. 1 ). Thus, the TET must supply the required power for all of these situations.
The considered TET coils with SRCs to compensate for the self-inductance have an optimal coupling situation different from the highest coupling that entails the maximum transfer of power [7] . This enforces the need to simulate the constraints in different positions instead of only the largest coil gap because the worst case can be at any position. Thus, all the constraints should be calculated in a set of coil coupling situations.
The coupling between the coils is proportional to the mutual inductance, i.e., it depends on the geometry, coil gap, and misalignment. Thus, the analysis of Fig. 2 shows that, when a misaligned TET is at a certain coil gap, it has the same coupling factor as when it is aligned at a further gap.
The dashed lines in Fig. 2 show that the mutual inductance (and thus the coupling factor) of the coils aligned with gap of 0018-9464 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. 25 mm is the same when the coils are misaligned by 37 mm with gap of 5 mm. This mutual inductance is also the same when the coils are misaligned by 27 mm with gap of 16 mm. This simplifies the design process since the TET coils can be simulated through FE in axisymmetric 2-D with the coils aligned, avoiding the expensive computations of the FE 3-D to simulate the misalignment.
B. Electronic Circuits Limitations
The AO that should be supplied by the TET is driven by a 13 W DC motor that requires constant voltage of around 15 V. For this reason, a regulator should be inserted between the AO and the secondary coil. In this paper, the regulator is considered to have an efficiency of around 100%. This regulator will try to maintain a constant voltage at the AO. This means that if the secondary coil voltage is higher than the required AO voltage, the regulator will decrease the current of the secondary coil to retain the constant voltage and power at the AO. In case the voltage of the secondary coil is lower than the required AO voltage, the regulator will increase the current of the secondary coil, as long as the secondary coil voltage is above the input voltage threshold of the regulator.
The regulator used has an input voltage range of 8-30 V within which it can keep the output voltage of 15 V constant. It should not be submitted to voltages above certain voltage level (28 V) for a long time or its lifetime decreases drastically. The no-load voltage at the output of the secondary coil should also be observed. As shown in Fig. 3 , the no-load secondary coil voltage can be much higher than the required load voltage due to the high regulation values.
Although these requirements seem trivial, they impose strong constraints to the process of designing the TET coils.
C. The Load to Be Supplied
The behavior of this system composed of regulator and AO can be modeled as a resistance that varies its value according to the supplied voltage, always consuming the same power. However, what is this value of resistance?
To answer this question, it is worth understanding how the TET system works with the variation of this load (in this case, the regulator with AO). Hence, some configurations were simulated with different values of load resistance to analyze the behavior of the load voltage, current and power. The analyzed configuration with 62 turns of wire AWG 19 in the primary coil and 24 turns of wire AWG 26 in the secondary coils, both with SRCs resulted in the graphs shown in Fig. 3 . The dashed line in the power graph in Fig. 3 represents the desired power (P desired ). As the graph depicts, there is a range of load resistance (Region II) in which the TET coils can supply more than the desired power; for all other resistances outside this range (regions I and III), this configuration of TET coils supplies less than the desired power. From Fig. 3 , depending on the maximum power that the system can transfer, there could be up to two values of load resistances which consume exactly the desired power (A and B in Fig. 3) . These values could be computed through analytical calculations deduced from an equivalent circuit model. However, this deduction is complicated and the model must be very accurate; otherwise the computed resistance values will supply wrong information about the system.
There are two other ways to compute the load resistance (R Load ) from the desired power P desired without the need for an equivalent circuit model: either by using the load voltage (V )
or by using the load current (I )
Observe that, if (1) uses the no-load voltage to compute the load resistance, the latter may not be exactly the load resistance that consumes the required power. This happens due to the high regulation of this transformer, making the load voltage for the calculated resistance smaller than the no-load voltage, and thus the load power is also smaller than the required power. If this happens, it is possible to compute a new load resistance value again by using (1) with the new load voltage acquired at this load resistance value. Of course, the second computed load resistance may also have the same problem of having smaller load voltage than the previous resistance and, consequently, not having the required power. Thus, multiple new iterative computations are needed to eventually converge to the load resistance that consumes the required power.
Observe that (1) will always compute a value of the load resistance R Load that is smaller than or equal to the resistance that is associated with voltage V since it is always divided by the desired power. In the same way, (2) will always compute a value of load resistance that is bigger than or equal to the resistance that is associated with the current I because it is multiplying by the desired power.
For these reasons, to compute the load resistance that absorbs the required power, the voltage and current of the system should be known for an initial value of resistance, which could be either no load or short circuit. The choice of (1) or (2) should be made by analyzing in which region of the curve (shown in Fig. 3) , the actual known data were located.
Since the no-load voltage is the highest voltage that the system can supply and a limit for maximum voltage is necessary, this paper chose to compute the load resistance by starting at the no-load voltage. Then, the computed load resistance that consumes the required power is the one that attains higher voltage and lower current (B in Fig. 3) .
Therefore, the procedure used to search for the load resistance that absorbs the desired power is as follows: 1) simulating the system at no load and observing the load power and voltage; 2) calculating a new load resistance with (1); 3) simulating the system with the new load resistance and observing the load power and voltage; 4) if the modulus of the load power minus the required power (|P Load − P desired |) exceeds the tolerance limits, compute the new load resistance according to steps a, b or c and return to step 3; otherwise, the value of the load resistance is reached and then the procedure is stopped. a) If the actual load power is bigger than the required power (Region II), compute a new load resistance with (1). b) If the actual load power is smaller than the required power and the computation of (actual powerprevious power)/(actual resistance-previous resistance) is smaller than zero (Region III), compute a new load resistance with (1). c) If the actual load power is smaller than the required power and the computation of (actual powerprevious power)/(actual resistance-previous resistance) is larger than zero (Region I), compute a new load resistance with (2). This fact adds complexity to the process since the regulation of the system is variable and the search for the exact value of the load resistance that consumes the required power adds nonlinearity to the FE equations. Albeit common in transmission lines systems (the load flow problem), this is unusual in electromagnetic problems. However, it should be taken into account, because simulation using a fixed resistance value present non-acceptable power values for a valid configuration that could supply the required power to a different value of load resistance.
D. Increase of Temperature in the Coils
The increase of temperature in the wires is very hard to be estimated accurately and requires a more dedicated research due to the large number of unknown factors that affect the temperature. However, it cannot be neglected.
The electric current circulating through the wires with a certain resistivity is known to release some Joule losses, which are dissipated in terms of heat. The amount of heat released is proportional to the square of the current as given by the Joule's law. Moreover, it is related to the amount of heat in the Fourier's law of heat transfer that postulates that the rate of heat transfer is proportional to the temperature gradient present in a solid. Most of the primary coil heat is radiated into the air reducing the surface temperature of the coil. Hence, here, the increase of temperature is indirectly accounted for by the relation of the dissipated power (P dissipated ) to the coil area (S Coil ) as shown in Fig. 1 , denominated "thermo factor" (λ)
III. METHODOLOGY Therefore, finding the smallest TET coils with the smallest "thermo factor" is desired to supply the required power at the required voltage limits for a range of specified coupling situations. However, as the coil area decreases, the "thermo factor" increases [8] . This suggests the use of multiobjective optimization algorithms with the coil volume and "thermo factor" as objective functions
In (4), Vol is the coil volume, λ is the coil "thermo factor," the subscripts 1 and 2, respectively, represent the primary and secondary coils, and the subscript i is the coil gap at which the TET was simulated (4, 8, 12, 16, 20, and 25 mm) .
The constraints of load power (P L ), load voltage (V L ), and no-load voltage (V o ) must be maintained for all the coupling situation defined by the coil gap up to 25 mm. Hence, for each simulated gap, the nonlinear constrained inequalities are
The TET parameters that could help meeting the demands of this project (variables of decision of the optimization) are the primary and secondary windings number of turns For the optimization process, the multiobjective genetic algorithm (MGA) [6] was used because it is a reliable stochastic method with less chance of getting stuck in local minima. Special mutation and initial population functions were created to generate populations satisfying the range and integer constraints on decision variables. The thickness of the wire used was based on the standard table of AWG properties for copper wires.
When MGA is used, the constraints are usually handled by using penalty techniques. However, good values for penalty weights are often unknown, adding complexity to this approach. Thus, the constraints were realized as an objective function that counts the number of constraints that has been violated, as suggested in [9] . Hence, an extra objective function is added to the optimization process
Thus, the MGA generates individuals (configuration with TET parameters) with integer variables, which entail different results that may be used in the constraints and objective functions. The selected individual is then virtually implemented in the software GMSH [10] , and its FE equations are simulated by the software GETDP [11] , which allows easy interface with MATLAB that runs the MGA. GETDP simulates the FE equation, considering the source voltage and frequency defined by the individual selected by the MGA. Then, it generates information such as voltage, current, and power at the source and load (primary and secondary coils).
Moreover, each individual in a generation has its own SRCs to compensate the self-inductances of the coils. This enforces the process to know the complete equivalent circuit for each individual before simulating the TET with the proper SRCs. Thus, for each individual, the optimization executes the following procedure. 1) GETDP calculates the equivalent circuit parameters of the TET at the initial coil gap. 2) MATLAB calculates the value of the SRCs. 3) GETDP simulates the TET coils with these SRCs, obtaining the value of the constraints and the dissipated power to compute the "thermo factor." 4) MATLAB stores the results. 5) If the actual coil gap is the last to be analyzed, the calculation for this individual ends with the supplied data; otherwise, GETDP calculates a new mutual inductance at the next gap and the steps are executed again, starting at step 3).
IV. RESULTS The optimization process resulted in a Pareto set with seven different individuals as shown in the caption of Fig. 4 . Observe that all the individuals have the primary coil with more turns and thicker wire than the secondary coil, resulting in a primary coil larger than the secondary coil. This fact can be justified in Fig. 4 that shows the current, voltage, "thermo factor," and power of these individuals according to the variation of coil gap. Observe that the primary coil has higher current to transfer the required power to the secondary coil. Since one of the objective functions of MGA is the "thermo factor" that is inversely proportional to the area, larger coils are expected to have smaller "thermo factors."
As typical in multiobjective problems, Fig. 4 shows that the smallest individuals (1: black, 2: red, and 3: blue) are the ones that have the highest "thermo factor" and vice versa.
Note that the "thermo factor" in the primary coil is almost constant when increasing the coil gap. In turn, the "thermo factor" in the secondary coil increases exponentially with the coil gap. This occurs because when the coil gap is small, the mutual inductance is higher and consequently the voltage in the secondary coil is higher. Since the load absorbs constant power, it will absorb smaller current at higher voltage and thus the power dissipated in the secondary winding decreases. It is worth noting that the "thermo factor" is just a parameter directly proportional to the temperature in the windings. However, it is an important indicator to track and to indirectly minimize the temperature rise in the windings, although not enough to report the temperature itself without further information.
V. CONCLUSION This paper proposes the usage of an optimization process to define the smallest TET coils possible with the smallest "thermo factor" possible, meeting the requirements of power transfer and load voltage at different coil gaps. Since the load absorbs a constant active power when activated, the results of the selected optimal configuration present the required power at all coil gaps limited by the constraints of the optimization. This procedure achieved configurations with secondary coils diameters as small as 4 cm, but primary coils at diameters of around 18 cm. This paper also proposes a correct estimation of the resistance seen by the secondary coil.
